Leakage radiation and room shielding considerations increase significantly for intensity-modulated radiation therapy ͑IMRT͒ treatments due to the increased beam-on time to deliver modulated fields. Tomotherapy, with its slice by slice approach to IMRT, further exacerbates this increase. Accordingly, additional shielding is used in tomotherapy machines to reduce unwanted radiation. The competing effects of the high modulation and the enhanced shielding were studied. The overall room leakage radiation levels are presented for the continuous gantry rotations, which are always used during treatments. The measured leakage at 4 m from the isocenter is less than 3 ϫ 10 −4 relative to calibration output. Primary radiation exposure levels were investigated as well. The effect of forward-directed leakage through the beam-collimation system was studied, as this is the leakage dose the patient would receive in the course of a treatment. A 12-min treatment was calculated to produce only 1% patient leakage dose to the periphery region. Longer treatment times might yield less patient dose if the field width selected is correspondingly narrower. A method for estimating the worst-case leakage dose a patient would receive is presented.
I. INTRODUCTION
Helical tomotherapy is a new method for delivering intensity-modulated radiation therapy ͑IMRT͒.
1,2 The beam geometry resembles that of a diagnostic computed computerized tomography machine. 3 It employs a slit beam of radiation that continuously rotates about the patient while the patient continuously translates through the beam. The beam is 40-cm wide in the direction transverse to patient movement. A moveable set of tungsten jaws collimates the beam from closed to 5-cm wide in the inferior-superior direction of the patient. Sixty-four interlocked leaves are used to modulate the slit beam. The individual leaves can be either open or closed, and modulate the beam through a binary process.
The tomotherapy machine studied was the Hi-Art II model developed by Tomotherapy Inc, Madison, WI and the University of Wisconsin, Madison, WI. This model utilizes the same accelerator as the Siemens PrimArt 6 MV linear accelerator ͑Siemens Inc., Concord, CA͒.
Two helical tomotherapy radiation-shielding issues were investigated. The first was the shielding that would be required by the tomotherapy bunker to comply with applicable occupational radiation safety levels and National Council on Radiation Protection ͑NCRP͒ specifications. 4, 5 This included basic measurements around the accelerator structure to test the integrity of the housing and effective room radiation levels. In general, radiation therapy accelerators must be shielded for primary, scatter, and leakage radiation. 4 Leakage radiation is more of an issue with IMRT since the leakage dose is magnified by the increased beam-on time. [6] [7] [8] [9] The second issue studied dealt with the leakage dose patients would receive during a helical tomotherapy IMRT treatment.
The accelerator is shielded for leakage by a series of lead disks. Additionally, the accelerator sits in a tungsten fixture. The source is 5-cm below the top of this fixture so that only leakage radiation directed at angles greater than 90°away from the central axis travels through the lead. The tungsten fixture shields leakage radiation with lesser divergence angles. The lead shielding disks are shown in Fig. 1 .
The maximum size of the primary beam for treatment is never greater than 5-cm in the longitudinal direction ͑widest jaw setting͒ by 40-cm wide in the transverse direction ͑all leaves open͒ projected at the isocenter 85-cm from the source. This defines the area requiring primary-beam shielding. A primary-beam block consisting of 13-cm thick lead slabs on the ring gantry opposite the source supplies this. The second radiation-shielding issue concerned the leakage dose that a tomotherapy patient could receive. This is a special concern for IMRT, again because of the increased leakage radiation dose, and the possibility of induced secondary carcinomas. 10 This can be a limiting factor in the optimization process. Patient leakage dose from helical tomotherapy results from two sources: Leakage through and between closed multileaf collimeter ͑MLC͒ leaves and leakage radiation through the moveable tungsten jaws that lie past the tungsten fixture. Together, the fixture and the jaws provide a 22-cm attenuation path length. The MLC leaves are 10-cm thick in the beam direction. The MLC leaves utilize an interlocking tongue-and-groove design to prevent there from being a direct path through which radiation can pass when the adjacent leaves are closed. The tongue and the groove both extend 300 µm, and they nominally overlap by 150 µm. The collimation provided by the moveable jaws and MLC has been described previously. 3 The modulation factor ͑MF͒ is defined as the maximum leaf open time divided by the average leaf open time for those leaves that do open during a treatment. The MF is a user definable treatment optimization parameter that usually has a value between 1.2 and 3.5. The instantaneous leakage through closed MLC leaves would be multiplied by a factor of 3.5 for those patient plans with a 3.5 modulation factor. It would be multiplied by 2.5, on average, for those leaves that do open since there would not be leakage when those leaves are open. The average MF used by helical tomotherapy patients is less than 2.0. 11 The overall beam-on time increase for helical tomotherapy equals the MF multiplied by the number of slices treated. This varies from treatment to treatment, but it has been as large as 50 for total body irradiation.
NCRP recommendations are for a weekly workload of 10 5 monitor units ͑MU͒ per 40-h week for a conventional linear accelerator. 12 The minimum output for the Hi-ART unit is specified to be 800 cGy per minute for the calibration field, which is defined as the dose at isocenter 85-cm from the source at a depth of d max ͑1.3 cm͒ for all leaves open for the 5.0-cm field width. One cGy at d max under calibration conditions is defined to equal 1 MU under those calibration-field conditions. Conservatively assuming an output as high as 1000 cGy per minute equals a total weekly output of 2.4 ϫ 10 6 MU if the machine was on continuously. This, of course, is unreasonable. A head and neck treatment with many slices and a high MF may have a beam-on time as large as 12 min. Clinical experience so far indicates an average beam-on time of 5 min with 15-20 min time slots scheduled per patient.
A reasonable beam-on time would assume 3.5 patients per hour with a total beam-on time of 17.5-min. The weekly workload under those conditions is then 7 ϫ 10 5 MU, or seven times greater than the normal workload.
II. MATERIALS AND METHODS
For purposes of clarity, values of leakage and scattered radiation dose will be reported as percentages of the value of the calibrated beam dose or dose rate.
A. Inherent accelerator shielding
Inherent accelerator shielding was first tested using Kodak XV film, 35-cm by 41-cm wide, ͑Rochester, NY͒ for these basic measurements. The film was calibrated using the standard calibration field setup for a dose range from 2.7 to 81.3 cGy. The International Electrotechnical Commission ͑IEC͒ requires that the inherent accelerator shielding be referenced to 1 m away from the accelerator beamline. 13 Five films were placed at approximately 1 m from the source to monitor leakage radiation dose ͑see Fig. 2͒ . No build up was used for these films due to the difficulty involved for such large hanging areas, but a correction factor was used. The jig is shown on top of the accelerator in Fig. 2 . A 12-min, allleaves closed, treatment procedure was delivered so that only leakage radiation contributed to the measured film dose. ͑A procedure contains all necessary information to run the machine, i.e., gantry speed, couch speed, leaf-modulation pattern, etc.͒ A Howtek MultiRad 450 film digitizer ͑Hudson, NH͒ digitized the films, and the maximum scan values for each were recorded. This procedure was repeated after rotating the film holding jig. Another film was also placed near the side of the accelerator where the waveguide enters. This is a particularly difficult area to shield, and the film was positioned at the orientation likely to yield the highest leakage. The calibration-field output for the Hi-Art unit tested was 875 cGy per minute.
The leakage dose in the forward direction, but still outside the patient-plane area, was similarly measured according to IEC specifications. The IEC requirements state that the leakage dose must be measured at 24 points within a 4-m diameter circle that lies in the IEC-X / Y plane. XV film was placed at the IEC specified locations in the patient plane. Some points could not physically be measured due to the ring gantry. An illustration of those measurement locations is shown in Fig. 3 . 
Leakage radiation
The effective room leakage was measured as a function of angle and distance away from the isocenter. Zero-degrees was defined as the direction from the isocenter to the treatment couch. This is illustrated by a top view of the room in Fig. 4 . A new treatment procedure was created that again had all leaves closed but the gantry rotated, as it would for a real treatment. Three 20-s rotations were used for each measurement. The Standard Imaging ͑Middleton, WI͒ A4 large volume ion chamber was connected to the PTW Unidose electrometer ͑Hicksville, NY͒. This is a spherical chamber with a radius of 19.1 mm, and a collecting volume of 30 cm 3 . The ion chamber was calibrated at 2.34ϫ 10 6 Gy/ C. Measurements were attempted at the height of the axis of rotation in 15°increments at a radial distance between 0.5 and 4 m. Leakage values out to 4 m were recorded for room angles from 0°to 165°. A measurement was recorded at a distance of 3.8 m at 90°. Lesser distances were recorded beyond 90°d ue to physical limitations, such as encroaching bunker and gantry walls.
Scatter radiation
Scatter radiation was estimated from additional measurements. Three 20-s rotations were used with the jaws set to the 5-cm field width and all leaves were open. A 30-cm diameter, 18-cm long cylindrical Virtual Water phantom ͑Med Cal, Middleton, WI͒ was placed at the isocenter, with additional Virtual Water placed on the sides to provide full scat- tering conditions. Measurements were recorded at angular increments from 0°to 165°. A single radial measurement distance of 2.0 m was used.
Primary radiation
The attenuation of the beam stop was measured. The A4 ion chamber was set 136-cm below the isocenter in the path of the primary radiation, which was as close as it could be placed beyond the beam block. All leaves were open, and the jaws were set to the calibration field width. The charge collected for a 30-s exposure was recorded.
The relative contribution of the transmission of the primary beam beyond the beam block to that of the leakage radiation passing through the rest of the shielding lead and tungsten around the accelerator was measured. This was determined by positioning the A4 ion chamber beyond the gantry but in the plane of gantry rotation, ͑room angle 90°͒, and collecting charge every 0.5-s during gantry rotation. The primary beam that passed through the beam block would irradiate the A4 ion chamber for only a short segment of the gantry rotation. Leakage radiation from various directions would irradiate it the rest of the gantry rotation. Measurements were recorded at radial distances of 1.5 and 2.5-m from the isocenter.
C. Patient leakage dose considerations

Static measurements
XV film and ion chambers were used to measure the percent leakage within the patient area. An XV film sheet was placed on the treatment couch at isocenter with 1.5-cm buildup, and centered under the MLC. All leaves were closed. A 6-min procedure was delivered with the leaves closed and the moveable jaws were set to the calibration field width setting. The films were developed and digitized. The film recorded a clear picture of the MLC leakage. Areas further away measured the leakage through the jaws. A transverse profile was measured across the closed-leaves MLC leakage dose image.
Leakage through both the MLC and the moveable jaws was measured a second way by scanning a Standard Imaging model A17 ion chamber topographically. A static gantry and translating couch defines a topographic procedure. The gantry was set to 0°. The A17 ion chamber has a collecting length of 8 cm that is specified to have a uniform response to within Ϯ 1.5% of the average. The chamber diameter is 1.2 cm wide, the wall thickness is 3.3 mm, and the collector diameter is 2.4 mm. The collecting volume is 1.9 cm 3 . The chamber was placed in a C552 build-up cap that had a wall thickness of 1.5 cm. The A17 ion chamber was calibrated at 1.15ϫ 10 7 Gy/ C. The long axis of the chamber was set parallel to the transverse axis of the beam. The couch travelled with a speed of 2-mm per second. Charge digitization values were collected every 0.5-s, or at 1-mm distance intervals. The overall scan length was 40 cm with the ion chamber set to be under the beam central axis half way through. The A17 ion chamber was "in-air" so primary or leakage radiation was measured, i.e., minimal scatter radiation was measured.
This procedure was performed four times. The first time the MLC leaves were open and the moveable jaws were set to the 5-cm field width. The second time the leaves were closed. The third time the moveable jaws were decreased to produce a 2.5-cm field width and the leaves were closed. The fourth time had a 1.0-cm field width with closed leaves.
Intensity-modulated radiation therapy measurements
A carcinoma of the nasopharynx prescription was selected for an IMRT measurement. This prescription was selected because it would require a relatively long beam-on time. The combination of medium prescription length of 14.0-cm, and the large number of prescription regions and critical structures would require many gantry rotations and a high modulation factor. This plan could be well optimized with a 2.5-cm field width, or a 1.0-cm field width. The narrower field width would require more gantry rotations while allowing for a slightly better optimization. A tomotherapy plan was optimized with the following parameters: MF of 2.6, pitch factor equal to 0.30. The 1.0-cm field width was used to maximize beam-on time, which was 12-min and 2-s. The number of rotations equaled 45.1. The optimization criteria and some statistics of the resulting plans are shown are shown in Table I .
Calibration procedures were created that had the same gantry period, number of gantry rotations, couch translation speed, and jaw width for the optimized plan. The overall translation length of the couch was equal to the product of the pitch factor, the field width, and the number of rotations, which equaled 15.3-cm. The leaf control sequence, or sinogram, was modified to close all leaves throughout the procedure. The A17 ion chamber was placed at isocenter height in its build-up cap. The chamber was positioned such that it was directly under the closed leaves half way through each procedure. Charge digitization values were again collected every 0.5-s. The A17 was used because its large volume produced a strong signal, even for leakage radiation while offering sufficient spatial resolution across the treatment length. The treatment was repeated with the chamber offset Ϫ20-cm toward the foot of the couch to estimate the leakage that the whole patient would receive.
III. RESULTS
A. Inherent accelerator collimation
The static back shielding films that were extended 1 m away from the beamline and perpendicular to the beam direction yielded a maximum leakage percentage that was less than 0.2% over an area of 25-cm 2 or less. The film placed 1-m directly behind the source had a maximum leakage percentage less than 0.1%, as did the film placed near the waveguide entrance of the accelerator. The average radiation leakage was not measurable.
The largest recorded dose values for the forward-butoutside-the-patient-area measurements were less than 0.01% of the calibration output. The XV film scan values were near the background levels recorded. 
Scatter radiation
That relative signal represents the sum of the leakage and phantom scatter contributions. The previously measured leakage-only values were subtracted from the combined signals to estimate the scatter only contribution. The scatteronly radiation transmission levels divided by the leakageonly transmission levels yield the percent increase in radiation transmission due to scatter. Those results are shown in Table II . A reasonable estimate of the effective scatter contribution would be less than that measured for a variety of reasons. Not all leaves would be open during treatments. The measurement was decreased by a factor of 4 as it was assumed that, on average, only 16 leaves would open per projection. The scatter measurement was decreased again by a factor of 4 by assuming an average modulation factor of 2 and an average field width of 2.5-cm ͑instead of 5.0-cm͒. The net result is a decrease of the measured percent increase in radiation transmission due to scatter by a factor of 16. The result is labeled the clinical scatter increase and is shown in the last column in Table II .
Primary radiation
The dose collected by the A4 ion chamber 1.36-ms below the isocenter for a 30-s procedure was 0.26 cGy. Given that the dose collected at isocenter ͑SAD= 0.85 m͒ over the same period was 438 cGy one would expect the dose at 1.36-m to be 64.7 cGy due to inverse-square dose falloff with distance. Based on this information, the transmission of the beam block can be calculated to be 1 / 249 or 0.4% of the primary beam.
The radiation measurements versus gantry rotation angle within the plane of rotation for two radial distances are shown in Fig. 7 . The gantry points straight down at 0°. The gantry rotates clockwise when viewed from the couch side. At 90°, the beam was pointing directly at the A4 ion chamber. At 270°, the beam was pointing directly away from the A4 ion chamber. The contribution from the primary beam is clearly less than the contribution from leakage radiation directed toward the electron gun.
It should be noted that the effective source locations are different for the primary and leakage radiation. The source location for the primary radiation is SAD ϩ distance from the isocenter. The source location for the leakage radiation is the distance from the isocenter minus the SAD. Therefore, the backward-directed leakage would decrease with distance from the isocenter at a considerably greater rate than the primary beam. A measure of this change can be inferred from an analysis of the measurements at the two isocenter distances.
The total dose measured 1.5-m from the source for a complete gantry rotation was 0.32 cGy. The dose measured between 75°and 110°͑primary radiation͒ was 0.017 cGy. The total dose measured 2.5-m from the source for a complete gantry rotation was 0.046 cGy. The dose collected between 75°and 110°was 0.0029 cGy. Therefore, the primary radiation contribution was only 5.1% of the overall radiation level at 1.5-m and was 6.3% of the overall radiation level at 2.5-m. I. This shows the prescription criteria and the optimization results for the head neck treatment prescription for carcinoma of the nasopharynx prescription. The field width was 1.0-cm, the pitch factor was 0.30, the MF was 2.6, the beam-on time was 12 min and 2 s. This indicates that the majority of the radiation measured results from leakage radiation originating at angles greater than or equal to 90°away from the accelerator beam line. The effective contribution of the primary beam should conservatively be reduced by a factor of 8, by assuming on average only 16 open leaves, and a MF of 2.0.
C. Patient leakage dose considerations
Static measurements
The leakage dose film image is shown in Fig. 8͑a͒ The dose per distance profiles were integrated over various integration distances and converted into dose. This was done for integration limits, centered on the beam center, of Ϫ5 cm to ϩ 5 cm to Ϫ30 cm to ϩ 30 cm. The integral values for closed leaves were divided by the integral values for the 5.0-cm field-width open-leaf profile values to compute the percent leakage. A summary of the leakage calculations is shown in Table III .
Intensity-modulated radiation therapy measurements
The dose measured with the A17 chamber centered in the prescription region was 2.0 cGy. This represents 1.0% of the prescription dose. The dose measured with the A17 chamber 20 cm inferior from the prescription center was 0.46 cGy or 0.2% of the prescription dose respectively.
IV. DISCUSSION
A. Inherent accelerator collimation
The static back shielding and patient-area-plane measurements indicated that the Hi-Art unit was shielded sufficiently to comply with IEC specifications. There were no areas that demonstrated particularly high levels of leakage radiation.
B. Occupational exposure considerations
The effective room leakage was greatest at the room angle of 90°/270°, or in the plane of gantry rotation. The leakage was least at the room angle of 0°/180, or along the IEC-Y axis. The maximum distance measured at room angles 90°/ 180°was limited to 3-m due to room-size limitations.
A detailed discussion of room design is outside the scope of this work, as the assumptions used can vary greatly. However, a useful example could be based on the minimal room dimensions of 18-ft as specified by Tomotherapy Inc. for a Hi-Art II unit. This translates into a distance of about 2.75 m on each side of the machine. Further, an insightful assumption can be made that the controlled area exists 1-m beyond the inner wall. Survey measurements are typically recorded 1-ft away from the wall boundary. That overall measurement distance is then approximately 4-m from the isocenter.
The increased room radiation due to phantom scatter was on average less than 10% of the levels due to leakage alone ͑Table II͒. Additionally, the average energy of scattered radiation is less than 511 keV, which is less than leakage radiation. Therefore, scatter radiation is not a significant consideration when designing the bunker shielding. Similarly, the primary radiation is not considered as it is estimated to be less than 1% of the radiation contribution after considering leaf modulation.
The scatter analysis assumed only 16 leaves would open, as should be correct for most clinical implementations. This may not be true for total-body or other large treatment volume type treatments.
The allowable occupational exposure for radiation therapy personnel selected for this example is 10 mR per week. Yearly, that equals 500 mR per week and it is 10% of the allowable occupational exposure level, consistent with the ALARA principal and quality management programs.
14 One mR is assumed equal to 0.001 MU for this discussion. The total attenuation required by the inherent radiation falloff and room shielding is shown in.
Total attenuation required = Weekly machine workload/allowable occupational exposure = 7 ϫ 10 7 . ͑1͒
The required barrier attenuation equals the product of the total attenuation required and the inherent radiation falloff. The radiation level relative to the isocenter at 4-m away is less than 3 ϫ 10 −5 for those distances that could actually be measured, as seen in Figs. 5͑a͒-5͑c͒. A conservative leakage value of 5 ϫ 10 −5 at 4-m is used in the analysis that follows regardless of the room angle. The room shielding must equal the product of the total attenuation required and this average inherent machine shielding level. The required room attenuation is calculated to be 3.5ϫ 10 3
The tenth-value layer for 6 MV leakage radiation that is directed 90°away from the beamline is 11.0-in. of concrete. 15 The required wall thickness is then calculated as 39-in. This required wall thickness of 3-ft, 3-in. of concrete should be considered a worst-case estimate as it does not consider additional attenuation from oblique radiation incidences. Furthermore, the tenth-value layer may even be less than the 11-in. referenced since most of the leakage radiation is greater than 90°away from the beamline, and may then be of even lower energy.
It should be noted that with beam energy of 6 MV, neutron production would be negligible. This would simplify the shielding design for any bunker.
C. Patient leakage dose considerations
The key to understanding helical tomotherapy patient leakage dose lies in the topographic profiles shown in Figs. 9͑a͒ and 9͑b͒, and Table III . The leakage 30-cm away from the beam center was only 0.004% of the primary beam for the case with a 1.0-cm field width with closed leaves. This indicates that leakage through the field-width defining jaws is negligible. The only effective source of patient leakage is through closed MLC leaves. The leakage 30-cm away from the 5.0-cm field-width beam center was 0.012%. That is still negligible, but it indicates that the majority of the leakage for that measurement is due to scatter from closed MLC leaves.
The integral of dose collected for the leakage profiles shown in Table III shows two important points. The integral leakage is approximately linear with the field width. This is confirmed by inspecting the percent leakage values as a function of field width for any set limit of integration. The second is that the vast majority of the leakage radiation at the patient-area plane is near the beam center. This is confirmed by inspecting the percent leakage values as a function of the varying limits of integration for each field width. The percent leakage is 0.27% for the 5-cm field width, closed leaf delivery integrated of Ϯ5 cm from the beam center. The leakage value increases, as it must, for longer scans, but only to 0.43% for an integration distance that is six times longer. The other field widths show similar slight increases in overall leakage as the scan length and time increases considerably.
This has several implications. The effective leakage to a patient point should be predictable by integrating from the position at the start of the procedure ͑relative to the beam center͒ to the position at the end of the procedure. Consider the head and neck IMRT plan leakage results. The 2.0 cGy measured was integrated over Ϯ7.65 cm. Inspection of the appropriate topographic leakage profile, Fig. 9͑b͒ should predict a similar value. The integrated dose for the 1.0-cm field width, with closed leaves, from Ϫ7.65 cm away from the beam center to 7.65 cm to the other side of the beam center was 0.15 cGy ͑interpolated from the percent leakage values between Ϯ5-cm and Ϯ10-cm limits in Table III͒ . The topographic leakage profiles were collected with a couch velocity of 3 mm per second. The head and neck plan had a couch speed of 0.212 mm per second. The head and neck leakage collected should equal the topographic profile charge multiplied by the ratio of the topographic couch speed divided by the head and neck plan couch speed. This is shown in Predicted head and neck leakage dose = ͚ −7.65 cm 7.65 cm 1.0 − cm leakage profile ϫ ͑topographic couch speed/head and neck couch speed͒, ͑2͒ which for our example gives of leakage dose of 2.1 cGy. This predicted value is within 4% of the head and neck leakage dose of 2.0 cGy. The predicted and measured IMRT leakage dose of 1% of the prescription value is a worst-case amount. There would be several mitigating factors, in addition to couch attenuation, for the leakage contribution for a real IMRT plan. These mitigating factors are: The patient would provide some selfattenuation, off-axis leakage will be less due to the cone profile of the beam, and there would be no leakage through leaves that are planned to be open. Furthermore, patient points away from the prescription in the inferior-superior direction would receive even less leakage dose since those points would never pass under closed leaves when the machine is on. This may make helical tomotherapy useful for treating some patients where leakage dose is especially relevant, but specific patient plans would need to be studied.
It should be emphasized that the overall patient leakage dose could easily increase for a shorter duration treatment if a wider field width was used. This is, in fact, likely. The head neck plan used for this study could have been well optimized with a 2.5-cm field width. The effective leakage is about 2.5 times less ͑Table III͒. The treatment time should be approximately 2.5 times shorter. However, a planner might be tempted to use a higher modulation factor for such a shorter duration treatment. Therefore, the decrease in time could be less than linear with field width, whereas the effective leakage would be linear with field width, resulting in a net leakage dose increase.
Presently, the helical tomotherapy planning code does not account for leakage dose. This is adequate for the vast majority of optimized plans, as the typical beam-on time is less than 5 min, and the most common field width is 2.5 cm. It may be worthwhile to develop a leakage dose contribution algorithm for helical tomotherapy. The integration of the topographic leakage profile for each field size used would be the initial starting point for such a calculation. That value could be decreased for self-attenuation, leaf modulation, and the transverse off-axis intensity decrease of the beam.
D. Scope
Many assumptions were made about the clinical use of the helical tomotherapy machine for this analysis. This presentation is intended to educate interested individuals on the principles of tomotherapy leakage radiation. Conservative approximations are generally followed, but not to the extent that they mask the science behind the issue. A way to estimate the real scatter radiation is presented, for example. Many state guidelines insist upon the worst-case scatter estimates. In that case, scatter decrease due to modulation and field width may not be allowable even though the workload would never be as high as assumed here without significant leaf modulation and smaller field widths. One possibility for shielding design is to use the worst-case scatter estimates, but use a lower scatter workload. That is left to the discretion of the individual helical tomotherapy users. Additionally, it is possible for some sites to focus on prostate treatments. The MF might decrease considerably. 16 However, the beam-on time for helical tomotherapy prostate patients treated with a MF of 1.5 is less than 3 min. 17 Even with five patients an hour, the workload would be less than that assumed here.
V. CONCLUSIONS
It was shown that the inherent radiation shielding around the tomotherapy source was adequate. The effective leakage radiation was mapped throughout the room as a function of room angle away from the long axis of the treatment couch and distance away from the machine isocenter. Those measurements were made for a continuously rotating gantry, as would be so during treatments. The room leakage is therefore symmetric about the axis of rotation. It was shown that scatter radiation and primary radiation are negligible relative to leakage radiation. A conservative calculation of the required thickness of a concrete bunker wall was provided as an example.
The leakage radiation in the patient-plane area is due almost entirely to leakage through closed MLC leaves. The other source of patient leakage, directly through the move-able jaws is insignificant. As such, the effective leakage increases almost linearly with the field width. Counterintuitively, the leakage dose could increase with decreasing treatment time if the shorter time was due to the use of a wider field width. These observations can be estimated using the model defined in Eq. ͑2͒.
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